Abstract-This paper investigates the mutual interaction and stability issue of multi-parallel LCL-filtered inverters. The and power quality of multiple grid-tied inverters are gaining more and more research attention as the penetration of renewables increases. In this paper, interactions and coupling effects among the multi-paralleled inverters and power grid are explicitly revealed. An Interaction Admittance concept is introduced to express and model the interaction through the physical admittances of the network. Compared to the existing modeling methods, the proposed analysis provides a more intuitive and clear explanation on the system resonance and stability. Simulation and experimental results are provided for verifying the theoretical analysis.
I. INTRODUCTION
The growing penetration of power-electronic-based renewable energy sources into the modern power system, such as solar and wind energy, efficiently reduces the total consumption of the fossil fuels [1] - [4] . For example, it is reported that by the end of 2015, more than 40% of Denmark's energy supply came from wind power and this number is expected to exceed 50% in the near future (by 2020) [5] . In 2050, the plan for Denmark is to be 100% free of fossil fuel and the wind energy will make up a very large part of the sustainable energy mix by then [1] . In this context, potential problems in the power grid stability and power quality issues are drawing increasing research attention as more and more power-electronics equipment are being installed [6] - [8] .
Renewable energy power plants are becoming a main conversion scheme to accomplish the green and clean electricity generation, in which grid-tied inverters are extensively employed as flexible and efficient grid interfaces to connect the renewables to the grid [6] . To properly filter out high-frequency harmonics from these inverters, the LCL-filter has demonstrated greater harmonic attenuation ability than the L-filter even with a smaller total reactive element used. However, LCL-filter may bring resonance problems, which may lead to instability [7] , [8] . In practical applications, such as large-scale PV and wind power plants, it is common to have hundreds or even thousands of grid-connected inverters with LCL-filter operating in parallel for scaling up the total generation capacity. This situation may significantly aggravate the overall network resonance problems, greatly constraining the deployment of large scale renewable generation plants, and it consequently pushed forward research towards the multiparalleled grid-connected inverters [4] , [6] - [11] .
Among the initial literature on multi-paralleled grid-tied inverters, [6] has revealed the harmonic interaction within a residential PV distributed network, where a large number of power inverters were installed to the same point, and a simplified passive model was presented to investigate the resonances without considering the contribution of inverter controllers. In [4] , the current control effect has been taken into account, and it points out that the equivalent grid impedance seen from single inverter would be amplified by N times when N identical inverters are connected at the Point of Common Coupling (PCC). This analysis explains why the parallel system can still be unstable even if all the inverters meet the requirement individually. [9] investigates and studies the multiple resonance problem in an inverter-based Microgrid, where the inverter is modeled as a Norton equivalent circuit: a current source parallel with the output admittance. However, the suggested analysis provides little insight into the resonance mechanism and requires tedious derivation for system stability analysis. An active damper is propsed in [10] to address the interactions among the multi-paralleled inverters based on the similar analysis method. [11] introduces the concepts of interactive current associated with the interaction between inverters without considering the grid impedance, and of common current related to the interaction with the grid impedances are introduced. However, among these work above, the multi-parallel inverter interactions are not considered and studied as important as the system stability analysis, which makes it not easy to fully understand the system-level interactions and the resulting resonance and instability.
To address the above issues, an interaction admittance based modeling method is proposed in this paper. In this approach, the connection and interactions of these inverters can be directly presented by the characteristics of the interaction admittance. Detailed modeling and interaction analyses under both the open loop and closed loop control are clearly presented, beginning with an overall description of system configuration and modeling in § II. § III then introduces theequivalent circuit and presents the concept of interaction admittance, which is evaluated under different grid conditions;
§ IV continues the analysis with the control scheme taken into consideration, where system stability is analyzed through the root locus analysis; § V then finalizes the paper with simulation and experimental results.
II. MODELING AND INTERACTION ANALYSIS
This section intends: 1) to get the reader familiarized with the nomenclature and methodology used along this paper; 2) to introduce the system structure.
A. System Description
Most Voltage Source Inverters (VSI) used in the renewable energy application use the cascad control [4] . The inner loop regulates the current injected into the utility grid whereas the outer loops guarantee the constant dc bus voltage and grid synchronization (Phase-locked-loop, PLL). Generally, the inner loop bandwidth is designed to be 5-10 times higher than the outer loop for decoupled control of the cascaded loops. Fig. 1 shows a typical three-phase VSI tied to the grid through an LCL-filter. The output filter consists of an inverterside inductor L 1 , an ac capacitor C f , and a grid-side inductor L 2 . Either the inverter-side current or the grid-side current can be choosen as the current variable. Also presented in the figure is the grid inductance L g , which represents the leakage inductance of the step-up transformer and line cable inductance. Value of this inductance may vary over a wide range [7] , implying that the inverter control scheme should be designed robustly against the grid inductance variation. Fig. 2 shows a per-phase diagram of multiple (n) grid-tied inverters with LCL filters. Each inverter has individual DC bus. Z 1i and Z 2i (i=1···n) are inverter and grid-side inductor impedances; Z 3i are the filter capacitor impedances; Z g is the grid inductor impedance. Zero passive damping is considered for a worst-case undamped scenario since parasitic resistors have damping effect on the system resonance [11] .
B. Modeling Based on Admittance Matrix Analysis
is the i# inverter bridge mid-point voltage;
is the grid-side inductor current; e g represents the grid voltage. According to the superposition principle, the relationship between the current and (i, j=1···n) can be described as 
where Y(s) acts as a system admittance matrix, depicting the influence of each on the i 0j . S(s) characterizes the effect of the grid voltage e g on the i 0i . In this paper, only the current tracking reference is discussed, is regarded as disturbance. 
The self-admittance Y ii can be obtained if all the converter voltages are supposed to be zero except . Likewise, all non-diagonal elements Y ij are identical according to the system symmetry characteristic, because each converter voltage influences other inverter current i 0i also in an identical manner. The mutual-admittance Y ij can be calculated when all the converter voltages are zero except . The expressions of the self-admittance Y ii and mutual-admittance Y ij are written in equation (2) and (3) . From the expressions, the mutual admittance Y ij will equal to zero if the grid is ideally stiff, namely the grid impedance Z g = 0mH, implying that no mutual interactions exist among these inverters. Conversely, the interactions are brought to the multiple paralleled inverters if the grid impedance Z g is non-zero.
III. ANALYSIS BASED ON THE INTERACTION ADMITTANCE
The aim of this part is to reveal the dynamic interactions among these paralleled inverters under different grid conditions using the proposed interaction admittance concept. For better explanation, this part begins with taking the two-inverters system as an example. The admittance matrix for the twoinverters system can be written as (4).
= ⋅
Acutually, (4) is the example of the equation (1) when the inverter number is 2. Similarly, the Y 11 and Y 22 are the selfadmittances, whereas the Y 12 and Y 21 are the mutual admittances. If the grid connected inverters are identical, the Y 12 = Y 21 due to the symmetrical characteristics. Fig. 3 shows the equivalent circuit for a two-inverter system admittance matrix. The circuit includes Norton sources with voltagecontrolled current sources, which represents the interactive effect (coupling) between these parallel inverters.
Actually, these two voltage-controlled current sources can be represented by an impendance. Transfer the circuit in Fig. 3 to a more intelligible equivalent circuit: the -equivalent circuit for two-inverters system is shown in Fig. 4 , in which the interactions among these inverters can be replaced by the physical admittance. As shown in Fig. 4 , the inverter #1(node #1) and inverter #2(node #2) are connected through a admittance, which characterize the interactions between these two inverters. According to the transformation process, the connection admittance equals the negative Y 12 , which is named the interaction admittance, which is presented as follows
Likewise, the same derivation for the case where the inverter number n equals 3, 4, 5, 6 and even more, which is shown in Fig. 5 . The interaction admittances connecting one inverter to all the remaining (n-1) inverters, it means that every two inverters interaction can be expressed by the interaction admittance. Therefore, the multi-paralleled inverter system interactions can be shown by evaluating the characteristic of interaction admittance Y admittance . Based on the theoretical analysis above, the interactions under three different grid conditions are discussed.
In order to obtain a more straightforward understanding on the Y admittance , the diagonal and non-diagonal elements Y 11 and Y 12 can be rewritten as the equivalent equations given below 
where M LCL is the internal transfer characteristic of LCL filter, which correlates neither with the inverters number, nor with the grid conditions; whereas the M Grid is the transfer function taking the grid impedance coupling effect into account.
A. Ideal Stiff Grid
For the ideal stiff grid condition, the grid impedance Z g equals zero. According to equation (6) and (7), if the Z g =0, M LCL = M Grid , thus the non-diagonal Y 12 is equal to zero. It means that the interaction admittance Y admittance = 0, there is no mutual coupling effect among these inverters. These inverters are equivalently disconnected with each other, as shown in Fig.  6 . However, due to the existence of grid impedance, one inverter can see not only the grid but also other inverters. No all the inverters currents will be injected to the grid, instead, some portion of the current will circulate among these parallel inverters through interactive admittance.
B. Inductive Grid Impedance
If the grid impedance Z g is inductive, the magnitude and phase characteristics are shown in Fig. 7 , from which two resonance peaks can be observed. Compared with the ideal grid condition or single inverter case, an additional resonance peak is introduced.
At both two resonance peaks, the interactive admittance equals to an infinite value without any damping, which implying the current at these frequencies will be amplified by a quite large gain. Then it is likely to excite the resonant currents at these two frequencies. Therefore, it implies that the parallel operation of multiple grid connected inverters changes the magnitude and phase under the inductive grid impedance condition. It is noteworthy that the resonance frequencies change with the inverter numbers, Fig. 8 shows the magnitude of different inverter numbers (n = 2, 4, 6). According to the equation (6) and (7), one of the resonance peaks is fixed and equal to the LCL filter resonance frequency, while another resonance frequency decreases with the inverter numbers, the limit of the frequency decrease is the resonance frequency of L1 and capacitor C f .
C. Inductive Grid Impedance with Compensation
Capacitance As stated in section II, the Power Factor Correction (PFC) capacitor may be connected to the PCC for the power factor correction. When the PFC capacitor is added into the system, one more resonance peak is introduced in the grid side. The PFC capacitor increases the system resonance complexity. Follow the analysis above, the grid impedance Z g in the equation (6) and (7) can be replaced by
There are three resonance peaks when the compensation capacitor is added, as shown in Fig. 9 . When the C pfc = 0 uF, two resonance peaks appear; whereas the C pfc = 15 uF or 30 uF, one more resonance appear at the frequency higher than fixed frequency. Through analyzing the magnitude and phase characteristics of the interaction admittance, the resonances under different grid conditions are clearly revealed. However, the analyses above is still based on open loop resonance, the control scheme is still not considered. Next section will introduce the closed loop analyses with control strategy included.
IV. CLOSED LOOP ANALYSIS
This part will discuss the performance and system stability when the inverter control scheme is involved. As mentioned in the previous part, the dynamics of the studied inverters are coupled due to the grid impedance. In this paper, the grid side current is selected for the grid current direct control. Due to the LCL filter resonance, designing appropriate control strategies for grid-connected inverters with LCL filters still remains a challenge.
A. Model of the closed-loop current control
In recent years, the stable operation of LCL-filtered inverter without any additional damping has been proved to be possible in [12] - [13] . Without loss of generality, a simple and effective single-loop control with a typical PI or PR controller is chosen. The implemented inner current control scheme is shown in Fig. 
G c (s) is the controller transfer function, G inv (s) is the inverter transfer function including the PWM delay [14], H(s)
is the feedback coefficient. As shown in Fig. 10 (b) , the feedback point is moved right after the G inv (s), the feedback term is ( ) ( )
As shown in Fig. 11 , the grid current closed-loop control is modeled as one voltage source with voltage value in series connection with one impedance Z = ( ) ( )
. The inverter bridge output voltage can be expressed as
B. Concept of Mutual-Current and Self-Current
According to the analysis in the previous section, the current can be divided into n parts: n-1 currents flow directly to other paralleled inverters through the interaction admittance Y admittance ; and the rest of the current flows into the admittance sum Y sum =Y 11 +Y 12 +...+ Y 1n . The current on the interaction admittance, called the mutual-current, whereas the current on the Y sum , called self-current, are shown in Fig. 12 , and can be written as
1 ( )
Substitute the (10) and (11) to (9), the mutual current and self current under closed control loop can be represented by
C. Stability Analysis
To explore the stability of the paralleled inverters, the closed loop poles of the multivariable system should be analyzed [4] . However, this method requires tedious calculations. More intuitively, the whole system stability can be classified as mutual current stability and self current stability. If and only if both of these current components are stable, the overall system will be stable. From (12) and (13), the open loop forward-path expressions of and are clearly described, M LCL ·H and M grid ·H, respectively. Therefore, the control system analysis techniques, such as frequency response and root locus can be applied, as shown in Fig. 13 , mutual current and self-current can be analyzed using independent root locus. The system stability, which is divided into interactively stable and commonly stable, is clearly discussed.
V. EXPERIMENTAL RESULTS
With the parameters given in Table I , experiments are implemented in three parallel connected Danfoss inverters with LCL filters, as shown in Fig. 14 . Through the stability analysis in the previous section, the self-current and mutual-current have the different stability regions. According to the root locus analysis, the stable range for the mutual-current is 0< K p <20.1, whereas the stable range for the self-current is 0< K p <27.5. It implies that there are four possible combinations for the stable status of these two currents: (1) Both the self-current and mutual current are stable; (2) The self-current is stable, but the mutual current is unstable; (3) The mutual-current is stable, but the self-current is unstable; (4) Neither the self-current nor the mutual-current are stable.
Among them, the third (3) possibility is impractical because the self-current stable range is wider than the mutual-current. The experiment results verify these possibilities. In case (1), if the propotional gain Kp satisfies 0< K p <20.1 (K p =18 in this case), the parallel inverters system is stable, as shown in Fig.  15 . All the three inverter grid currents are stable, the PCC Fig. 15 . Both the self-current and mutual-current are stable. Fig. 17 . Mutual-current is unstable, the self-current is unstable. voltage is also stable. For the case (2), the K p of 1 # and 2 # inverter change from 18 to 25, the K p of 3 # inverter keeps the same. In this situation, the mutual-current is unstable while the self-current is stable. It can be observed from Fig. 16 that there exist resonance phenomenon between the 1 # inverter and 2 # inverter. These two inverters donot work in a proper way, resonant current flows just between them, and no resonant current flows into the grid. However, the PCC voltage is stable and the 3 # inverter keeps stable operation. In case (4), the K p value of all three inverters are set above the stable limit 27.5. Then, the resuls are presented in Fig. 17 , where all the three grid currents are unstable. The system stability, which is divided into self-current stability and mutual-current stability, is clearly discussed through three experiments.
VI. CONCLUSIONS
This paper investigates the interactions and resonances of multi-parallel inverters with LCL-filters. The Interaction Admittance concept is introduced to reveal the interaction. Compared to existing modeling methods, this proposed analysis can give an more intuitive and clear explanation on the resonance and stability region identification. The resonance characteristics under different grid conditions are presented. Simulation and experimental results are provided for verifying the theoretical analysis.
